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1 . OBJECT· AND SCOPE 
The object of this experiment was to examine the nonlinear cyclic 
behavior of small-scale beam-column assemblies. Dimensions and materials 
of the specimens were established so that direct correlations could be 
made with similar assemblies in ten-story, three-bay frames that were 
subjected to simulated-earthquake motions. Results of the static tests 
were used to aid the interpretation of measured dynamic response of ten-
story structures investigated by Abrams, Cecen, Healey and Moehle (Ref. 
1,2,3 and 4). Moreover, measured load-deflection relationships were used 
by Emori and Saiidi (Ref. 5 and 6) to define member stiffness characteristics 
for nonlinear analytical studies of the response of the same ten-story 
structures. 
Specimen behavior was interpreted with observations of development 
of cracks and damage to the concrete, and measured relationships of applied 
loads and resulting deflections. Displacements were measured at the point 
of load application to determine approximate story-stiffnesses of the ten-
story frames. Joint rotations were measured to estimate flexural stiffnesses 
of the beams of the ten-story frames. 
Effects of the amount of beam reinforcement and loading history on 
specimen behavior were examined. Beam-column assemblies were representative 
of both interior and exterior joints of the ten-story frames. An additional 
asrect of the investigation was to determine the performance of the members 
and joint in resisting shear stresses . 
2 
2. OUTLINE OF EXPERIMENTAL WORK 
2.1 Specimen Description 
The test specimens were replicas of interior and exterior beam-column 
assemblies of ten-story, three-bay frames tested dynamically on the University 
of Illinois Earthquake Simulator (Ref. 1, 2, 3 and 4). The point of load 
application and points of support for the specimens were the same as the 
idealized locations of zero moment in the beams and columns of the ten-
story frames (Fig. 2.1 and 2.2). The load was applied at a point on the 
column of the specimen which represented the mid-story height of the ten-
story frame. A pin support was located on the column of the specimen a 
distance equal to one story height below the point of load application. The 
beams of the specimens were supported vertically by simulated rollers at 
locations which represented the midspan of the beams of the ten-story 
frames. 
Descriptions of the structural idealization of the interior and 
exterior-joint specimens are presented in Fig. 2.3. The beam moment at 
the face of the column and the vertical beam reaction may be related by 
statics to the applied load as follows. 
Interi or Joi nts 
R = O. 75 (P) 
M = 95 (P) 
Exterior Joints 
R = 1.5 (p) 
M = 190 (P) 
The units of P, Rand Mare kilonewtons and millimeters. 
Specimen dimensions, reinforcement, and embedment details were 
established so that replication of the joints with those of ten-story 
frames would be as complete as possible. Nominal dimensions, reinforcing 
details, and beam and column cross sections are presented in Figs. 2.2 and 
2.4. Measured dimensions are presented in Table 2.1. 
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All beams and columns were reinforced longitudinally with No. 13 
gauge wire. The reinforcement ratio of the columns was 1.33% (based on 
tota 1 area of rei nforcement and gr'os s-secti on di mens ions) . The beam 
reinforcement ratio was 0.71% or 1.06% (based on the area of reinforcement 
on one face and effective depth). More than adequate shear reinforcement 
was provided (No. 16 gauge wire with a 10 rrrn pitch) in the beams and 
columns to insure against significant shear deterioration. 
Steel tubing, 34.7 mm long \'Jith outside diameter equal to 12.7 mm, 
was placed at locations of connection of the specimen to the testing 
apparatus. No. 16 gauge wire spirals (7.5 mm pitch) were provided at 
critical regions for added strength and stiffness. 
2.2 Test Variables 
Nine specimens were tested. Test variables were the amount of 
longitudinal beam reinforcement, the loading history, and the specimen type. 
Below is a table sho\'Jing the relationship between specimens and test 
variables. 
Specimen (Type) 
EJl (exterior joint) 
EJ2 ( II ) 
EJ3 ( II ) 
EJ4 ( II ) 
EJ5 ( II ) 
IJ 1 (interior jOint) 
IJ2 ( II ) 
IJ3 ( II ) 
IJ4 ( II ) 
Beam Reinforcement 
Ra ti 0 (%) 
0.71 
1 .06 
0.71 
o. 71 
1 .06 
1 .06 
0.71 
1 .06 
0.71 
Loading Pattern 
See Appendix 
A 
A 
B 
B 
A 
A 
B 
B 
Loading patterns (Fig. 2.5) were established from inter-story dis-
placement response histories which were measured at the fifth story of 
4 
ten-story structures tested by Abrams (Ref. 1) .. Loading pattern IIAII 
represented the displacement response occurring during the first three 
seconds of the initial simulation of· the N-S component of the 1940 
El Centro earthquake (test structure nn). Loading pattern 118 11 consisted 
of seven cycles of generally increasing displacement amplitude which 
was selected from the first ten seconds of the inter-story displacement 
response resulting from the initial simulation of the N21E component of 
the 1952 Taft earthquake (test structure FH4). 
2.3 Fabrication 
Prior to assembly, shear reinforcement, spirals, tubing, and longi-
tudinal reinforcement were wiped clean with solvent and acetone to remove 
oil, dirt, and corrosion. The shear reinforcement was tied approximately 
every 120 ~ to the longitudinal reinforcement with No. 19 gauge wire. The 
longitudinal bars in the beams and columns were tied together at the 
i ntersecti on. 
Steel bars were secured by screws to a horizontal steel plate to 
serve as side forns for casting (Fig. 2.6). After oiling the forms, the 
tubing was secured to the horizontal plate with screws. The assembled 
reinforcement was placed in the forms and the concrete was placed. The 
~icrc-concrete was consolidated by placing a mechanical stud vibrator at 
various locations on the horizontal casting plate. Excess concrete was 
struck off and then troweled to a smooth finish. Nine to ten hours later 
the forms and screws which held the tubing in place were removed to avoid 
shrinkage cracks. 
Five interior-joint specimens, six 51 by 51 by 203 mm pris~s, and 
twelve 102 by 203 mn cylinders were cast on ~1arch 1, 1978. Four exterior-
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5 
joi nt specimens and the same number of pri sms and cyl i nders \rJere cast on 
May 25, 1978. The specimens, p.ri sms and cyl i nders were cured under wet 
burlap and plastic for tvJO weeks', then stored in the laboratory until 
the testing date. Specimen ages at the time of testing are presented 
in Table 2.1. 
All specimens, prisms and cylinders were cast from the same concrete 
mix design. The mix proportions, by dry weight, were 1.0:0.9:3.6 
(cement:fine sand:coarse sand). High early strength Type III cement vias 
used with a water to cement ratio of 0.8:1.0. A single batch of concrete, 
weighing approximately one kilonewton, was mixed in a 2.2 kilonewton 
(500 pound) capacity Lancaster-countercurrent-rapid batch mixer for each 
casting. 
2.4 Test Setup 
a) General Description 
The testing apparat~s (Fig. 2.7 and 2.8) was designed to load both 
interior and exterior-joint specimens through a programmed displacement 
history. Collars with press-fitted ball bearings (Fig. 2.9) were used 
to connect the specimen to the supports of the testing apparatus. Fixtures 
of the testing apparatus were welded to a 19 mm thick steel plate which 
was anchored to a 480 mm thick reinforced concrete foundation wall of the 
Structural Research Laboratory. 
An eleven kilonewton (2.5 kip) capacity ram was operated in displace-
ment control through a MTS closed-loop hydraulic system. The stroke rate 
of the ram was set at 0.071 mm/sec. The ball-beari ng connectio'n of the 
ram to the specimen permitted rotation in the plane of the specimen with 
negligible resistance. 
6 
Calculated elongations of the columns of each specimen because of 
geometric changes of the ideally rigid.test apparatus were small (0.03 mm 
for a load-level displacement of 4.00 mm). Flexibility of the ram allowing 
some vertical translation at the point of connection with the specimen and 
slip in the bolts of the test apparatus allowed for the column to rotate 
with negligible elongation. 
The rollers supporting the beams of the specimens were simulated using 
13 mm diameter vertical rods which were pin supported at the top and bottom 
with ball bearing connections. 
b) Roller Simulation 
If the beams of each specimen were supported by ideal rollers, rotation 
and horizontal displacement of the beams at the support would occur with no 
resisting moment or horizontal force. The deviance of the simulated roller 
support from an ideal support may be inferred from two aspects of the 
measured data. Displacements measured at the level of the beam centerline 
were nearly identical to one-half the displacements measured at the ~evel 
of the load application, indicating essentially no external resistance of 
the testing apparatus on specimen behavior at the beam level. Further~ore, 
measured ultimate strengths agreed well with calculated strengths (Sec. 3.5) 
indicating that external resistances of the testing apparatus were small. 
The simulated roller support did differ from an ideal support because 
of small vertical move~ents of the support due to small rotations of the 
verti.cal support rod. Vertical support movements were insignificant however 
when compared with measured displacements. Using trigonometry (Fig. 2.10), 
the verti cal movement \lJas estimated to be 0.11 rrrn for a maximum measured 
load-level displacement of 20 mm. Bending of the specimens resulting from 
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vertical movement of the roller support was also insignificant when 
compared with measured moments. The ratio of the beam moments at the face 
of the column resulting from vertical support movement and from the applied 
load may be approximated by using Betti's law and the measured joint rota-
tions (Fig. 2.11). 
Work done by force system "A" 
through displacements resulting 
from force sys tern "B" 
From s ta ti cs 
Therefore 
t~ 
R - a a - T 
= 
= 
= 
Work done by force system "BII 
through displacements resulting 
from force system IIAII 
t·1 8 b a 
where 0b is the vertical movement of the beam (0.11 mm) 
8
a 
is the measured joint rotation at the maximum measured 
displacement (0.083 radians) 
L is the distance from the .face of the column to the roller 
support (127 mm). 
The small ratio of moments indicates that the vertical displacement of the 
simulated roller support induced negligible bending in the specimens for 
the range of measured displacements. 
2.5 Instrumentation 
A description of the instrumentation is presented in Fig. 2.12. Load-
level displacements, beam-level displacements and joint rotations were 
measured with the applied load. Joint rotations were measured using a 76 mm 
8 
LVOT (linear voltage differential transformer) at each end of a radial 
bar, which was secured to the center .of the joint. Teflon couplers 
provided a flexible connection between- the LVOT's and the bar, so that 
rotations could be measured reliably at large displacements. All LVOT's 
had a sensitivity of 0.5 percent of the range of the particular instrument. 
Prior to testing, each LVOT was calibrated with a mechanical dial gage 
sensitive to 0.01 mm. Mechanical dial gages were attached opposite to 
LVOT's at the ram level and at the ends of the radial bar to serve as a 
check of the electronic data acquisition system. / Load was measured with 
a nine kilonewton (two kip) capacity load cell with a sensitivity of five 
newtons for the range of the measured loads. 
The LVDT's were regulated by a six volt power supply. Electrical 
impulses from the load cell and LVDT's were received by a VIDAR data 
acquisition system and sent to a teletype where voltage readings were 
punched on paper tape (Fig. 2.13). The tape was later fed into a teletype-
tape reader and stored on a permanent storage disc. Data from each file 
was then reduced and plotted using CALCOMP subroutines. Curves of applied 
load versus displacement at load level, displacement at beam level, and 
joint rotation were plotted. 
2.6 Testing Procedure 
Each specimen was subjected to one of two loading patterns as 
mentioned previously in Sec. 2.2. Following completion of the seventh 
cycle (Fig. 2.5) each specimen was subjected to a load-level displacement 
of 20 mm in one direction so that ultimate load capacities could be 
determined. Larger displacements were not recorded because of limitations 
of the measuring system. The tests were monitored by plotting the applied 
load versus the displacement at load-level on a X - Y plotter. Readings 
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9 
of load and displacements were taken at small intervals so that a smooth 
hysteresis curve could be defined when data was later plotted. In the 
low-load ranges of the first loading cycle each specimen was examined 
following each reading for initial cracks. After the initial cracks were 
observed the specimens were examined after every thi-rd reading for new 
damage, and to measure the width of existing cracks. The same procedure 
was used for reading the rlial gages. 
Photographs were taken using a Graflex 4 x 5 camera at maximum 
positive and negative displacements when the observed damage was noticeably 
di fferent than the previ ous cycl e . 
2.7 Testing Apparatus for Determining Material Properties 
Concrete cylinders were loaded in compression with a 1300 kilonewton-
capacity Riehle testing machine. A mechanical dial gage sensitive to 
0.003 mm was used to determine strain of the concrete in compression over 
a gage length of 127 mm. Modulus of rupture tests were conducted using a 
270 kilonewton-capacity Riehle machine. 
The No. 13 gage wire coupons were tested in tension with a 220 
kilonewton capacity tfTS testing machine operated in strain control at a 
rate of 0.0005 per second. Strain was related to elongation of the wire 
measured over a 25 mm length. 
10 
3. OBSERVED BEHAVIOR 
3. 1 I ntroducti on 
Behavior of the test specimens was observed by measurement of load-
deflection relationships, patterns of crack development, and stress-strain 
properties of the concrete and reinforcement. These measurements are 
presented and discussed in this chapter. 
3.2 Measured Material Properties 
Compressive strengths, splitting strengths, moduli of rupture and 
cylinder and prism ages at the date of testing are presented in Table 
3.1. Measured stress-strain curves of the concrete used for exterior 
and interior-joint specimens are presented in Fig. 3.l(a) and 3.l(b). 
Twelve cylinders and six prisms were tested for each casting of a set 
of specimens. Half of the number of prisms and cylinders were tested 
after testing the first specimen. The remainder were tested following 
the testing of the last specimen. Half of the cylinders were loaded 
parallel to the longitudinal axis in compression. The other cylinders 
were loaded normal to the longitudinal axis to determine the splitting 
strength of the concrete. The prisms were loaded at the midspan (span 
length equal to 152 mm) to failure to determine the modulus of rupture 
of the concrete. 
Six coupons of the No. 13 gauge wire were tested in tension to 
determine tensile properties. The measured stress-strain curve is 
presented in Fig. 3.2. 
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3.3 Load-Displaceme.nt and Load-Rotation Curves 
Measured relationships of load and displacement at load level, load 
and displacement at beam level, and load and joint rotation are presented 
in Fig. 3.3. Curves associated with the first specimen tested (pilot 
test, EJ1) are presented in Fig. A.4 of the Appendix. Results of tests 
performed by Dave Schipper on eight interior-joint specimens are presented 
in the Appendix. Load-displacement curves for the last quarter cycle 
(20 nml displacement) are presented in Fig. 3.4. 
General trends observed with the measured load-displacement and load-
rotation curves for both interior and exterior-joint specimens are noted 
below. 
(1) The slope of the curve at a particular displacement was smaller 
than that for the previous cycle if a new maximum displacement was attained 
during the previous cycle. 
(2) The slope of the unloading portion was in most cases larger than 
the slope of the previous loading portion. 
(3) The slope of the loading portion in the low-load ranges increased 
gradually in every cycle except the first. 
(4) The trend mentioned in (3) occurred at a larger displacement 
(or rotation) with each successive cycle. 
Different aspects were noticed in the 'curves of specimens IJl and IJ3. 
Plateaus of small displacement were observed in the loading portion of 
each cycle (at an approximate load of 0.4 kN) of specimen IJ1. Curves of 
specimen IJ3 indicated much lower stiffnesses in the positive half of 
the early cycles than observed for other specimens. Specimen IJ3 
12 
may have been loaded before the test as a result of a malfunction in the 
hydraulic system. 
3.4 Crack Patterns 
The general pattern of crack development is presented in Fig. 3.5. 
The order of propaga ti on is gi ven by the a 1 phabeti c order of IIA" through 
110". The initial crack "A" became visible in the exterior and interior-
joint specimens at loads of approximately 250 and 600 nelt,tons. Crack "AII 
occurred first during the positive half of the first cycle. Cracks "8" 
and II C" appea red fi rs t duri ng the nega ti ye ha 1 f of the fi rs t cyc 1 e. Crack 
"0 11 occurred during the positive half of the second cycle. Exceptions to 
the general crack propagation pattern (cracks "E") were found in specimens 
EJ5 and IJ4. 
Crack widths and crack lengths at maximum displacements are listed 
for all specimens in Table 3.2. A series of representative photographs 
of crack propagation at maximum displacements is presented in Fig. 3.6. 
3.5 Comparison of Measured with Calculated Strengths 
and Stiffnesses 
Envelope curves of the first quarter cycle of load-displacement 
measurements are presented in Fig. 3.7. Calculated stiffnesses consider-
ing uncracked and fully cracked sections, and calculated cracking strengths 
are superimposed on the envelope curves. 
For exterior-joint specimens, measured initial stiffnesses were 
approximately forty percent larger than calculated stiffnesses based on 
an uncracked section. For interior-joint specimens, measured initial 
stiffnesses were nearly the same as calculated uncracked-section stiffnesses. 
For both exterior and interior-joint specimens, measured stiffnesses at 
-
1 
I 
r 
t 
., , 
J 
1 
] 
1 
1 
1 
I 
I 
I 
, 
I 
] 
i 
. J 
13 
loads larger than the apparent cracking strengths were as much as sixty 
percent of calculated stiffnesses based on fully cracked sections. 
Measured loads at which the concrete appeared to crack were approxi-
mately thirty percent larger and thirty-five percent smaller than calculated 
loads based on measured modul i of rupture (Table 3.1) for exterior and 
interior-joint specimens respectively. 
The ultimate strength in flexure of each specimen was calculated and 
is compared with the measured values in Fig. 3.4. An upper bound on the 
strength was calculated using the measured effective depth of reinforcement 
and considering both top and bottom beam reinforcement to be fully stressed 
in tension. The calculated upper bounds of the strength were essentially 
the same as the measured capacities for six of the eight specimens tested. 
For the other two specimens (EJ2, IJ3), measured strengths exceeded calculated 
strengths by factors of 1.08 and 1.10 indicating a small error in the load 
meas uremen t. 
3.6 Discussion of Observed Behavior 
Effect of loading pattern, specimen type and beam reinforcing ratio 
on stiffness and strength characteristics are discussed in this section. 
Maxima of the measured beam moments are presented in Table 3.3. 
a) Effect of Loading Pattern 
Subjecting interior or exterior-joint spcimens with the same rein-
forcing ratio to different loading patterns resulted in different observed 
behavior. 
(1) Except for the last half cycle, flexural strengths could not 
be observed for either loading pattern because of limiting displacements . 
14 
(2) large-amplitude loads were observed during earlier cycles of 
loading pattern IIA" (Sec. 2.2) than p~ttern 118". 
(3) Excluding observations of the last half cycle, apparent yield 
loads were attained for both positive and negative directions of loading 
pattern fIA", but only for negative loads of pattern 118". 
(4) Loading pattern II A" resulted in greater stiffness deterioration 
during earlier cycles than did loading pattern 118". Pattern IIAII resulted 
also in a greater stiffness reduction after completion of the seventh 
cycl e. 
b) Effect of Specimen Type 
Subjecting interior and exterior-joint specimens with the same 
reinforcing ratios to the same loading pattern resulted in different 
observed behavior. 
(1) 8ecause of the presence of a beam on both sides of a column, 
measured loads for the interior-joint specimens were approximately twice 
that for the exterior-joint specimens. Measured. flexural strengths of 
beams summarized in Table 3.3 indicate that strengths of beams of interior-
joint specimens were slightly larger (from 4 to 10 percent) than strengths 
of beams of exterior-joint specimens. 
(2) Sti ffnesses of the exterior·-joint specimens for the first half 
cycle were nearly equal to one-half of the stiffnesses observed for the 
interior-joint specimens. Stiffnesses for subsequent cycles cannot be 
compared for specimen types because of the diverse stiffness characteristics 
in the load-reversal regions. A sudden decrease in slope upon reversal of 
the load was observed for the interior-joint specimens but not for the 
exterior-joint specimens. This tendency may be attributed to a deterioration 
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in. the bond strength between the beam reinforcement and the concrete across 
the joint. This is suspected because of the probable tension and 
compression in the bar on each side of the ~olumn before bond may have 
been partially deteriorated which would not have occurred with the 
exterior-joint specimens. 
c) Effect of Beam Reinforcing Ratio 
Subjecting interior or exterior-joint specimens with different ratios 
of reinforcement to the same loading pattern resulted in different observed 
behavior. 
(1) Strengths of specimens with a larger ratio of beam reinforcement 
ranged from 1.3 to 1.4 of the strengths of specimens with a smaller ratio 
of beam reinforcement. 
(2) Stiffnesses of specimens with a larger ratio of beam reinforce-
ment ranged from 1.2 to 1.5 of the stiffnesses of specimens with a smaller 
ratio of beam reinforcement~ 
(3) Specimens with a smaller beam reinforcing ratio showed a greater 
deterioration of stiffness during the earlier cycles than specimens with 
a larger beam reinforcing ratio. 
(4) For interior-joint specimens, the sudden reduction in the slope 
of the curve upon reversal of tbe load was more perceptab1e for the 
specimens with a smaller ratio of beam reinforcement than with a larger 
ratio of beam reinforcement. 
(5) Crack widths were larger for the specimens with a smaller ratio 
of beam reinforcement than for those with a larger ratio of beam 
reinforcement. 
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4. SUMMARY AND CONCLUSIONS 
4.1 Summary 
Five exterior-joint specimens and four interior-joint specimens 
were tested statically under cyclic loads. The test specimens were similar 
to interior and exterior joints of ten-story, three-bay frames tested 
dynamically on the University of Illinois Earthquake Simulator. Test 
variables were the loading pattern, specimen type and the amount of 
longitudinal beam reinforcement. Behavior of test specimens was observed 
through measurements of load-displacement relationships, propagation of 
cracks, and properties of concrete and reinforcement. 
4.2 Conclusions 
Strengths of interior-joint specimens were nearly equal to twice the 
strengths of exterior-joint specimens. Stiffnesses of interior-joint 
specimens for the first half cycle were approximately twice the stiffnesses 
measured for exterior-joint specimens. Stiffness characteristics varied 
for interior and exterior-joint specimens in load-reversal regions. A 
sudden reduction in slope upon reversal of the load followed by a gradual 
increase in slope with small increase in load was observed for interior-
joint specimens and not for exterior-joint specimens. 
Specimen behavior in subsequent cycles was observed to be highly 
dependent on loading history. Specimens subjected to a displacement 
larger than any displacement from a previous loading cycle deteriorated 
displacement resulted in no stiffness deterioration for the subsequent cycle. 
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Stiffnesses of specimens subjected to the same loading pattern ranged 
from 1.2 to 1.5 of the stiffnesses of specimens with a smaller beam 
reinforcing ratio. Strengths of specimens ranged from 1.3 to 1.4 of the 
strengths of specimens with a smaller reinforcing ratio. Specimens with a-
smaller ratio of beam reinforce-ment showed a greater deterioratioD_of ___ _ 
stiffness during earlier loading cycles than did specimens with a larger 
ratio of beam reinforcement. 
The equivalent story stiffness of the specimens was dominated by 
deformations occurring in the beams at regions of maximum moment. Tensile 
stresses in the longitudinal beam reinforcement appeared to reach yield 
levels despite an obvious loss of bond strength across the width of the 
column. Calculated flexural strengths of all specimens were developed. 
Initial stiffnesses were at least five times the observed average 
stiffness of the last cycle of loading. Joints resisted tensile and shear 
stresses resulting from -the transfer of shear forces and bending moments 
between column and beams without extensive cracking. 
18 
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TABLE 2.1 
MEASURED CROSS-SECTION DIMENSIONS AND AGE AT TESTING OF SPECH1ENS 
AGE LEFT BEAr~(b) RI GHT BEAt.1 (b) 
SPECIMEN (DAYS) b(a) h d d ' b h 
EJ1 35 38.0 37.6 28.9 6.1 
EJ2 56 37.4 34.8 30.2 6.0 
EJ3 65 38.0 37.2 30.8 8.5 
EJ4 91 37.9 37.8 30.7 8.0 
EJ5 92 37.8 36.9 29.0 5.0 
IJ1 21 38.0 37.6 32.1 7.5 37.9 37.4 
IJ2 26 38.1 38.4 29.9 6.9 38.0 38.2 
IJ3 28 38.0 38.4 31 .0 7.8 38.0 38.8 
IJ4 29 37.4 37.6 31 .9 7. 1 37.3 36.0 
(a) See Fig. 2.4 for dimension designations 
(b) Measurements at left or right face of column (mm) 
(c) Measurements at top or bottom face of beam (m~) 
d 
31 . 1 
30.0 
33.0 
29.7 
UPPER(c) 
COLUMN 
d ' b h 
38.0 50.2 
37.8 50.0 
38.0 51 .6 
37.8 51.2 
37.8 50.0 
7.3 37.8 51 .6 
6.8 38.0 51 .3 
7.6 38.0 51 .4 
6.7 37.2 51 .5 
LOWER (c) 
COLUMN 
b h 
37.8 50.7 
37.6 49.8 
38.0 51.4 
38.0 51 .2 
37.7 50.n ~ 
38.0 52.0 
38.1 50.2 
38.0 51.9 
37.4 50.0 
TABLE 3.1 
MEASURED COMPRESSIVE STRENGTHS, SPLITTING STRENGTHS AND MODULI OF RUPTURE 
CYLINDER # PRI Sr·1 # AGE OF CYLINDER/ COMPRESSIVE SPLITTING MODULUS OF 
PRISt~ (DAYS) STRENGTH (r·1Pa) STRENGTH (MPa) RUPTURE (MP a) 
(Exteri or) 
C 1 (a) 44 18.8 
S=l(b) 44 3.18 
49 
C-2 44 26.5 
S-2 44 2.25 
2 49 5.27 N 0 
C-3 44 27.0 
S-3 44 2.63 
3 49 5.73 
C-4 93 27.6 
S-4 93 3.49 
4 93 5.89 
C-5 93 22.7 
S-5 93 2.60 
5 93 5.20 
C-6 93 25.4 
S-6 93 2.18 
6 93 5.82 
(a) "C" denotes compression test 
(b) "S" denotes splitting test 
-
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TABLE 3.1 (CONTINUED) 
MEASURED COMPRESSIVE STRENGTHS, SPLITTING STRENGTHS AND MODULI OF RUPTURE 
CYLINDER # PRISM # AGE OF CYL INDER/ COnPRESSIVE SPLITTING r~ODULUS OF 
PRISM (DAYS) STRENGTH (MPa) STRENGTH (MPa) RUPTURE (MPa) 
(I nteri or) 
C 1 (a) 21 28.1 
S= 1 (b) 21 2.88 
21 5.27 
C-2 25 29.8 
S-2 25 3.32 
2 25 4.96 N 
--' 
C-3 25 29.6 
=1C:b:10~ S-3 25 3.24 
~ ~ J---l 1-1' CD 3 25 5.27 
T f-J. 0 <l c+ ) <l O'l f-J. N 
~ CD J---l C-4 32 29.7 ) f-1 C) ~ 
(f) • l?:j(l) S-4 32 3.43 
t-" ;j HJ 
-.; c--!- l:cj Cq m 4 32 5.73 
-' c".,....~ • f-J. ~-j 
-1 
_I : CD 
'.0 td n' ~ C-5 32 32.4 
: f-\J f"'; r,; Cl S-5 32 3.62 . ~-" ':"J <D 
'. H ;~ t-J. 5 32 6.89 : ,.-.1 r~ :,j ::0 
f-J 1:- Oq 0 
.'1 ~. ,-> 0 
C-6 32 31 .2 .J ~j 0'tJ \::::I S 
:) 0 CD S-6 32 3.24 ) f-J. Id 
.J UJ p.> 6 32 7.30 t-i 
c+ 
8 (a) II ell denotes compression test (D 
:::s 
c+ (b) "s" denotes splitting test 
TABLE 3.2 
CRACK WIDTHS AND LENGTHS MEASURED AT ~AXI~1U~1 DISPLACEr~ENTS 
Specimen EJ2 A (a) Bl Cl 01 Cycle No. 
w(b) 1 L (c) w L w L w L 
1+ 
1- .10 11 
2+ .075 15 0 0 .075 17 
2- 0 0 .20 28 .05 21 0 0 
3+ 
· 15 26 0 0 0 0 .075 21 N N 
3- 0 0 . 15 16 .05 21 0 0 
4+ 
· 15 27 0 0 0 0 .10 22 
4- 0 0 . 15 17 .05 21 0 0 
5+ .175 30 0 0 0 0 . 175 24 
5- 0 0 .20 30 .05 22 0 0 
6+ 
· 15 27 0 0 0 0 .075 20 
6- 0 0 .20 31 .075 24 0 0 
7+ 
· 15 27 0 0 0 0 . 15 24 
7- 0 0 .20 31 .075 24 0 0 
8+ 1 .0 42 0 0 0 0 1 .2 28 
(a) For crack designations see Fig. 3.5 
(b) Crack wi dth (mm) 
(c) Crack length (mm) 
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TABLE 3.2 (CONTINUED) 
CRACK vJIDTHS AND LENGTHS t~EASURED AT t,1AXH1Ut,1 DISPLACEMENTS 
._-_. 
Specimen EJ3 A (a) Cycle No. 
w(b) 1 L (c) Bl 
Cl 0, 
w L w L w L 
-- .- ---_._._---
1+ .05 10 
1-' 0 0 .05 24 
2+ .30 15 0 0 
2- 0 0 .30 28 
3+ .30 15 .05 5 N 
W 3- 0 0 .30 28 
4+ .40 24 0 0 
4- 0 0 .30 29 
5+ .60 30 0 0 
5- 0 0 .25 27 
6+ .35 25 0 0 
6- .05 4 .25 27 
7+ .45 30 0 0 
7- .05 5 .25 28 
8+ 3.3 37 0 0 
(a) For crack designations see Fig. 3.5 
(b) Crack width (rrm) 
(c) Crack length (mm) 
TABLE 3.2 (CONTINUED) 
CRACK WI DTHS AND LENGTHS MEASURED AT r1AXIMut~ DISPLACEMENTS 
Specimen EJ4 A (a) B1 C1 Dl Cycle No. 1 
(b) L (c) w L W L w L w 
1+ .05 10 
1- 0 0 .075 13 .075 7 
2+ .10 18 0 0 0 0 .09 30 
2- 0 0 .07 21 .07 7 0 0 
3+ . 15 22 - 0 0 0 0 . 15 32 
N 
3- 0 0 · 15 23 .15 15 0 0 ~ 
4+ .20 24 0 0 0 0 . 15 32 
4- 0 0 · 15 24 . 15 16 0 0 
5+ .175 23 0 0 0 0 .15 32 
5- 0 0 · 15 24 .10 12 0 0 
6+ .20 25 0 0 0 0 .175 33 
6- 0 0 · 15 25 .10 13 0 0 
7+ .25 26 0 0 0 0 . 175 33 
7- 0 0 .20 27 . 15 18 0 0 
8+ 3. 1 35 0 0 0 0 .175 33 
(a) For crack designations see Fig. 3.5 
(b) Crack width (mm) 
(c) Crack length (mm) 
" ..... ; ..... ~ r-'- ~ --"" ,----- ,~ ~~ ( .. ~<l,i". Iill,j""l .~-...... , r~""'~ , --, I "'l 
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TABLE 3.2 (CONTINUED) 
CRACK WIDTHS AND LENGTHS t1EASURED AT t1AX H1Ut1 01 SPLACEt·1ENTS 
Specimen EJ5 A (a) B1 C1 D1 Cycle No. 1 
w(b) L (c) \'I L w L w L 
1+ .075 20 
1": 0 0 .06 11 .05 12 
2+ .10 23 0 0 0 0 .075 20 
2- 0 0 .06 12 .05 12 0 0 N U1 
3+ 
· 12 25 0 0 0 0 .08 22 
3- 0 0 
· 17 26 . 12 18 0 0 
4+ .16 27 0 0 0 0 .10 24 
4- 0 0 
· 15 25 .075 15 0 0 
5+ 
· 15 27 0 0 0 0 .10 25 
5- 0 0 .15 26 .075 16 0 0 
6+ .20 30 0 0 0 0 .10 25 
6- 0 0 
· 12 20 .06 13 0 0 
7+ 
· 17 28 0 0 o· 0 .12 28 
7- 0 0 .20 27 . 15 23 0 0 
8+ 2.5 35 0 0 0 0 .20 28 
(a) For crack designations see Fig. 3:5 
(b) Crack width (mm) 
(c) Crack length (mm) 
TABLE 3.2 (CONTINUED) 
CRACK vIIDTHS AND LENGTHS MEASURED AT ~'lAXH~U~1 DISPLACE~1ENTS 
A ritl--- - - -.---- -~----Specimen IJ1 A2 13, 13 2 Cl C2 01 O2 Cycle No. 1 
w 
(b) l (c) w L w L w L I;J L w L w L w L 
__ ._ .. __ ~ ___ 0- _._. _ 
1+ .02 7 
1- 0 0 .06 18 .06 12 
2+ .075 20 
· 15 26 0 0 0 0 .06 10 .02 5 
2- 0 0 0 0 .20 23 .175 15 .06 16 .07 11 0 0 0 0 
N 
3+ .075 20 
· 15 26 0 0 0 0 0 0 0 0 0 0 0 0 
C) 
3- 0 0 0 0 .20 23 .15 15 .02 10 .06 11 0 0 0 . 0 
4+ .06 23 .20 27 0 0 0 0 0 0 0 0 .05 10 0 0 
------., 
4- 0 0 0 0 .22 23 .175 15 .05 16 .06 11 0 0 0 0 
5+ .07 23 .25 29 0 0 0 0 0 0 0 0 .07 10 .03 5 
5- 0 0 0 0 .28 26 · 17 15 0 0 .07 11 0 0 0 0 
6+ .05 23 .18 27 0 0 0 0 0 0 0 0 .03 5 0 0 
6- 0 0 0 0 .23 24 · 18 15 .03 16 .05 11 0 0 0 0 
7+ .03 22 
· 17 27 0 0 0 0 0 0 0 0 .04 5 0 0 
7- 0 0 0 0 .25 26 · 15 15 0 0 .05 11 0 0 0 0 
8+ 2.0 35 2.2 36 0 0 0 0 0 0 0 0 . 15 10 .075 5 
(a) For crack designations see Fig. 3.5 
(b) Crack width (mm) 
(c) Crack length (mm) 
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TABLE 3.2 (CONTINUED) 
CRACK WIDTHS AND LENGTHS MEASURED AT f-1AXIf1Un DISPLACEMENTS 
Specimen IJ 2 A (a) A2 B1 B2 C1 C2 01 O2 Cycle No. 1 
w 
(b) L (c) w L w L w L w L w L w L w L 
1+ .03 7 .03 9 
1 - 0 0 0 0 .03 13 .03 10 .05 20 .04 17 
2+ .10 17 . 15 19 0 0 0 0 0 0 0 0 .075 16 .075 17 
2- 0 0 0 0 . 15 33 
· 12 21 .075 22 . 15 22 0 0 0 0 
3+ .15 22 .20 23 0 0 0 0 0 0 0 0 .075 16 0 0 
3- 0 0 0 0 .20 34 · 15 22 .075 22 .09 20 0 0 0- 0 N 
'-J 
4+ . 17 23 .20 23 0 0 0 0 0 0 0 0 .07 16 .04 12 
4- 0 0 0 0 .22 34 
· 17 22 .07 22 .07 20 0 0 0 0 
5+ .30 30 .40 32 a a a a a 0 a a .10 16 .07 17 
5- 0 a a a .27 35 
· 17 22 .03 20 .06 20 . a a a a 
6+ .20 27 .30 27 a a a 0 a a a 0 .05 14 .03 12 
6- 0 0 0 0 .25 35 
· 17 22 .03 20 .07 20 a a a a 
7+ .20 27 .35 28 a a 0 a a a a a .075 18 .05 14 
7- 0 a a 0 .20 34 
· 15 22 a a .04 19 a 0 a 0 
8+ 2.3 42 2.6 36 a a a a 0 a a a .10 23 .075 22 
(a) For crack designations see Fig. 3.5 
(b) Crack width (mm) 
(c) Crack length (mm) 
TABLE 3.2 (CONTINUED) 
CRACK WIDTHS AND LENGTHS MEASURED I\T MAXH1UM DISPLACEMENTS 
Specimen IJ3 A (a) A2 B, B2 C, Cycle No. 1 
W 
(b) L(c) w L w L w L w 
1+ .05 20 
1-· 0 0 . 13 27 . 13 23 .06 
2+ .03 9 .075 20 0 0 0 0 0 
2-· 0 0 0 0 . 12 27 .10 23 .05 
3+ .05 15 . 12 23 0 0 0 0 0 
3-· 0 0 0 0 .33 32 .25 23 . 12 
4+ .08 21 . 17 26 0 0 0 0 0 
4-· 0 0 0 0 .25 30 .20 22 .075 
5+ .075 23 .17 26 0 0 0 0 0 
5-· 0 0 0 0 .27 30 . 17 22 .06 . 
6+ .09 23 .16 26 0 0 0 0 0 
6-· 0 0 0 0 .25 30 .15 22 .05 
7+ . 15 29 .20 26 0 0 0 0 0 
7·· 0 0 0 0 .35 32 .25 24 .075 
8+ 1 .2 45 0.8 40 0 0 0 0 0 
(a) For Crack designations see Fig. 3.5 
(b) Crack wi dth (mm) 
(c) Crack length (mm) 
j~ I~.:" ", f.It , •. r~."- ""'--, ...-... /".-..... .-.. _<., !II .... 1·',·Ai> •. · . .! "'Ji/'~ 1tJ<.:.t>o···!\ ~"'''''';'' 
L 
19 
0 
19 
0 
25 
0 
22 
0 
20 
0 
20 
0 
25 
0 
,.. ... ,..... ... ~ 
: ' 
C2 
w 
.06 
0 
.05 
0 
. 15 
0 
.10 
0 
.10 
0 
.075 
0 
. 15 
0 
D, D2 
L w L w L 
24 
0 
24 
0 
30 N 
co 
0 
28 
0 
28 
0 
28 
0 
33 
0 1 .6 10 0.8 17 
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TABLE 3.2 (CONTINUED) 
CRACK WIDTHS AND LENGTHS r'~EASURED AT MAXH1UM DISPLACEMENTS 
Specimen IJ4 A ( a) A2 Bl B2 Cl C2 Dl D2 Cycle No. 1 
w(b) L(c) w L w L w L w L w L w L w L 
1+ .04 17 .04 6 .03 9 .03 8 
1- 0 0 0 0 .06 11 .05 20 0 0 0 0 
2+ .08 23 .05 16 0 0 0 0 .05 17 .06 15 
2- 0 0 0 0 .03 20 .06 11 .05 20 0 0 0 0 
3+ .10 24 .05 16 0 0 0 0 0 0 .05 17 .07 '15 N 
~ 
3- 0 0 0 0 .075 20 · 15 15 .075 22 o . 0 0 0 
4+ .20 26 .05 16 0 0 0 0 0 0 .05 17 .075 15 
4- 0 0 0 0 .05 20 · 15 15 .05 21 o ' 0 . 0 0 
5+ .18 26 .05 16 0 0 0 0 0 0 .05 17 .05 15 
5- 0 0 0 0 .07 20 · 13 15 .04 21 0 0 0 0 
6+ .20 28 .05 16 0 0 0 0 0 0 .05 17 .05 15 
6- 0 0 0 0 .05 20 · 15 15 .02 18 0 0 0 0 
7+ .25 30 .05 16 0 0 0 0 0 0 .03 17 .05 15 
7- 0 0 0 0 .075 20 .25 23 .05 22 0 0 0 0 
·8+ 3.0 38 2.9 22 0 0 0 0 0 0 .09 17 .10 17 
(a) For crack designations see Fig. 3.5 
(b) Crack wi dth (mm) 
(c) Crack length (mm) 
TABLE 3.3 
tlEI\SURED BEAM MO~1ENT tt1AXH1A 
---.----
( kN -nun) 
Loading Pattern "A" Loading Pattern "B" 
Beam Reinf. Ratio 0.71% 1 .06% 0.71% 1.06% 
Exteri or Jloi nt 
Postive Half Cycles 97 130 78 110 
Negative Half Cycles 82 121 100 130 w 0 
Ultimate 116 161 110 150 
Interi or Joi nt 
----
Positive Half Cycles 106 104 81 70 
Negative Half Cycles 97 123 98 140 
Ultimate 121 159 117 166 
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Fig. 3.5 Observed General Pattern of Crack Development 
74 
(a) First Half of First Cycle at Peak Load 
(b) Second Half of First Cycle at Peak Load 
Fig. 3.6 Representative Photographs of Crack Propagation 
i 
I 
.. 
I 
, 
~ 
i 
.[ 
c· 
f 
l 
t 
r 
{ 
I 
L 
1 j 
1 
j 
) 
1 
J 
1 
I 
1 
, 
j 
I 
j 
00' 
°1 
75 
(c) First Half of Second Cycle at Peak Load 
(d) Second Half of Second Cycle at Peak Load 
Fig. 3.6 (Continued) Representative Photographs of Crack Propagation 
76 
(e) First Half of Fifth Cycle at Peak Load 
(f) Last Half Cycle of Loading Pattern at Maximum 
Deflection of 20 mm 
Fig. 3.6 (Continued) Representative Photographs of Crack Propagation 
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APPENDIX A 
LOAD-DISPLACEMENT AND LOAD-ROTATION CURVES FROM 
EARLIER TESTS 
Eight interior-joint specimens were tested by Dave Schipper under 
cyclic loads. Load-displacement and load-rotation curves for these tests 
are presented in Fig. A.l. Cross-sectional dimensions of the beams and 
columns are presented in Table A.l. The specimens were designated by 
two numbers separated by a dash. The first number indicated the number 
of reinforcing bars per face in the columns. The second number indicated 
the number of the test specimen. Top deflection and center deflection 
were the displacements measured at the load level and the displacements 
measured at the beam level. 
The specimens were subjected to six cycles of displacement. Two, 
four and six times the apparent yield displacement were applied in both 
directions during the first, third and fifth cycles. This pattern of 
displacement was duplicated for the second, fourth and sixth cycles. 
All beams and columns were reinforced longitudinally with No. 13 
gauge wire. The reinforcement ratio of the beams was 0.71% (based on 
the area of reinforcement on one face and effective depth). The column 
reinforcement was 0.89% or 1.33% (based on total area of reinforcement 
and gross-section dimensions). 
Approximately the same number of concrete cylinders and wire coupons 
as mentioned in Sec. 3.2 were tested by Schipper to determine material 
properties of each set of specimens (four specimens per set). Stress-
strain curves for the concrete and No. 13 gauge reinforcing wire are 
80 
presented in Figs. A.2 and A.3. Material properties of the concrete and 
reinforcing wire are presented in Table A.2. 
The fabrication, test setup, instrumentation and testing procedure 
were the same as described in Chapter 2. 
Load-displacement and load-rotation curves for the pilot test 
mentioned in Sec. 3.3 are presented in Fig. A.4. 
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TABLE A.l 
MEASURED CROSS SECTIONAL DIMENSIONS OF TEST SPECIMENS 
Left Beam ~a~ Right Beam ~al 
b h d d' b h d 
39 .. 2 36.5 31. 2 6.5 38.9 35.1 . 28.5 
38 .. 1 36.8 29.0 6.7 38.2 36.6: 30.5 
38.5 38.0 24.0 4.5 38.0 35.2 30.3 
37.5 37.0 31. 2 6.5 37.8 35.2 29.5 
38.0 36.8 30.1 5.5 38.6 34.5 29.0 
37 .. 6 35.5 31. 3 6.3 38.8 36.3 30.8 
38 .. 6 34.2 29.8 4.3 37.2 35.8 27.8 
38.1 34.5 29.0 5.0 38.5 37.8 30.0 
All dimensions in millimeters 
(a) Measurements at left or right race of column 
(b) Measurements at top or bottom face of beam . 
U~~er Column ~b) 
d' b h d 
5.0 38.4 5l. 3 44.7 
7.0 38.0 5l.1 44.6 
5.0 38.8 50.6 44.3 
6.5 37.8 50.6 44.3 
4.5 38.8 56.0 47.0 
6.0 38.2 56.5 47.3 
4.5 38.4 49.8 43.9 
6.0 38.2 49.7 43.9 
Lower Column (b) 
d' b h d d' 
6.6 37.6 53.1 45.6 7.5 
6.5 37.5 50.0 44.0 5.9 
6.2 38.2' 50.2 44.1 6.0 
6.2 38.2 50.2 44. ] 6.0 
8.9 37.8 50.1 44.1 6.0 00 
--I 
9.2 37.8 52.1 45.1 7.0 
5.8 37.2 50.3 44.2 6.1 
5;8 38.0 51.0 44.5 6.4 
TABLE A.2 
MEASURED MATERIAL PROPERTIES OF TEST SPECIMENS 
Fi rs t 
Set 
-----~-
SP2-1A, 
SP2-1, 
SP3-1 A. 
SP3-1 
SP2-2, 
Second SP2- 3, 
Set SP 3-2, 
SP3-3 
Re info rcemen t a 
Y i e 1 d S t re s s 
(t~P a) 
356 
356 
Strength 
(r~p a ) 
383 
381 
a13 G Wire A = 4.25mm2 
Compressive 
Strength 
(MPa) 
39.6 
45.3 
Concreteb 
Tensile Young's 
Strength Modulus 
(MPa) (MPa) 
3.3 21900 
4.3 21800 
Age 
(Days) 
46 
61 
bAll material properties based on compression or splitting tests of 101.6 x 203.2mm cylinders. 
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Fig. A.l (continued) Measured Load-Displacement-Relationship of Preliminary Test 
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